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Introduction

15
Boranes and boron-nitrogen-hydrogen (denoted as BNH in this review) compounds attracted intense study in the 1950s, almost exclusively for military applications. 1, 2 Although the goal of using these compounds as high energy fuels for jets was never achieved, the concerted effort did result in a wealth of technical 20 information on boron chemistry. 3 their potential application as hydrogen storage materials. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Among these compounds, ammonia borane (AB) has been studied the most, since it 1) has a high hydrogen content of 19.4 35 wt% and 2) releases 12 wt% hydrogen at moderate temperatures (< 120 °C). [19] [20] [21] AB is arguably one of the most promising candidates to meet many of the criteria set by the U.S. Department of Energy (DOE) for automotive applications. 22 Two main DOE criteria relate to gravimetric and volumetric 40 densities (Table 1) . 23 These numbers refer to the whole system, including the container, heater, piping, materials, etc. Therefore, a compound with 5.5 wt% hydrogen fails to meet the 2017 target. There are other critical parameters, such as stability at high temperatures under long dormancy and sufficient kinetics within 45 appropriate temperature and pressure ranges. One of the challenges is to have a hydrogen storage material that can release H 2 efficiently using the waste heat from a proton exchange membrane (PEM) fuel cell, ~ 80 °C, and simultaneously is
Broader context
Hydrogen is believed to be an ideal synthetic fuel for the future. It can be a highly effective medium to store and transfer energy produced by renewable resources such as wind and solar, whose intermittent nature has limited their wide deployment. Its chemical energy can be extracted using a fuel cell to power an electrical engine at very high efficiency, and this process produces virtually no pollution. One key technological challenge for the transformation to hydrogen-based energy is to find a safe and efficient way to store hydrogen. A hydrogen storage system for both stationary and mobile applications must possess a number of characteristics, such as high storage capacity, fast kinetics, long cycle life, and safety under normal use. Solid state hydrogen storage has attracted substantial research and development around the world, since it offers higher volumetric and gravimetric capacities than traditional compression and liquefaction. Intense efforts have been directed towards research on boron-nitrogen-hydrogen (BNH) compounds, among which, ammonia borane is the outstanding example. The strong investment in BNH by government agencies, universities, and companies has led to a much improved understanding of boron chemistry, which provides essential guidance in the search for ideal hydrogen storage candidates, as well as interesting applications in other fields.
indefinitely stable at 60 °C. This represents an enormous change in reactivity over a narrow temperature range, i.e., 0 g H 2 /s below 60 °C and > 1 g H 2 /s at 80 °C. 24 To make AB suitable for practical applications, it is not necessary to destabilize it to afford a faster rate at 80 °C, but it is necessary to maintain control of 5 thermal management of the exothermic reaction to keep the temperature from going too high. Therefore, approaches to enhance stability at 60 °C are much more important than approaches to destabilize AB to get faster rates at 80 °C.
25
As with any strong effort devoted to a certain field, the 10 research carried out by national laboratories, academic institutions and their industry partners around the world has further enriched the field of boron chemistry. This includes, but is not limited to, a much improved understanding of reaction mechanisms, [26] [27] [28] [29] promising new applications, [30] [31] [32] [33] and the 15 discovery of new BNH compounds. [34] [35] [36] Several excellent reviews on BNH compounds have been published with a focus on hydrogen storage. [37] [38] [39] [40] In contrast with these surveys, the present review highlights not only the most recent progress (largely from 2010 onwards) in hydrogen storage, but also includes studies of 20 catalysis and reduction reactions (i.e. hydrogenation) and syntheses of new BNH compounds. This work is accordingly broken down into these areas, with an emphasis on important breakthroughs that may provide guidance for further research.
In BNH compounds, the H bound to the more electronegative 25 N is protic and the H bound to the less electronegative B is hydridic. [41] [42] [43] These two types of H atoms are commonly found to form a special interaction, i.e., N−H δ+ ···H δ-B, defined as the "dihydrogen bond" by Richardon, Gala, and Crabtree, 43 a term which is widely used these days in most of the literature. 44 with/without the aid of additives and metal catalysts, [51] [52] [53] [54] decomposition of AB in liquids with [55] [56] [57] [58] or without catalysts, 59, 60, 28 and more recently using AB in pumpable slurries similar to the approach of Safe Hydrogen. 23, 61 Since the hydrolytic reaction affords stable B-O bonds, the reformation of 50 
···
δ-H-B interactions alone.
Regeneration of AB
60
To make AB a practical storage medium for large scale applications, its efficient and economic regeneration from spent fuel is critical. The spent fuel is believed to be a mixture of polyaminoborane (PAB) and polyiminoborane (PIB), with a general formulation that can be expressed as "BNH x ", with x 65 varying between 0.5 and 1.
85
Early efforts devoted to the regeneration of AB have been summarized. 39 These earlier efforts have demonstrated that the regeneration of AB is possible, but with high complexity and cost, and low efficiency. 86, 87 It is known that the transition metals 70 Rh, Co, and Ni can be used to activate molecular hydrogen to metal hydrides at moderate temperature and pressure. 88 A concerted effort was made to find metal hydrides with sufficient hydride donor ability to transfer a hydride to a borate ester that could be generated in the digestion of spent BNH fuels with a 75 range of alcohols. This approach used a combination of Scheme 1 Proposed metal-catalyzed reaction pathways for AB dehydrogenation. 58 experiment and theory to match the H¯ affinity of the borate ester with the H¯ donor capability of the metal hydride to maximize efficiency and minimize energy steps. 89, 90 Fig . 3 shows that not all borate esters are the same, and there is 5 a wide range of H¯ affinity, depending on the structural and electronic properties of the borate ester. An important outcome of this work was to show that borate esters are not a thermodynamic dead end: in fact, there are a range of borate esters that can be reduced by metal hydrides. On a parallel scale, Fig. 3 shows that 10 the hydride donating capability of the metal hydride can be tuned by changing either the metal or the ligands attached to the metal. Scheme 2 shows the 5 key steps of an overall process that 15 regenerates AB from H 2 with recycling of other reagents and the solvent. Each step of the process has been studied in detail to gain insight into the factors that affect reactivity and efficiency.
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While each key step has been demonstrated, further work is needed to optimize the process and make the activation of 20 hydrogen catalytic.
Very recently, a surprising, and efficient one pot regeneration method has been reported. 93 In all previous cases, metal hydrides were used to regenerate the hydridic B-H bonds, however, in this 25 new method, anhydrous hydrazine, not typically considered to provide hydridic hydrogen, almost completely converts polyborazylene back to AB via treatment with hydrazine (N 2 H 4 ) in liquid NH 3 at 40 °C in a sealed pressure vessel. This process involves neither noble metal nor transition metal catalysts, and 30 while the mechanism of B-H bond formation is not understood the process is simple and efficient (up to 95% yield). Fig. 4 illustrates the closed cycle for the usage and reformation of AB. Hydrazine, however, is in limited production worldwide. Largescale economical production is thus needed to make this method a 35 practical industrial process. The optimum regeneration process for BNH hydrogen storage materials will require catalysts to activate hydrogen, e.g., to make hydrazine from nitrogen or boranes form borates. Using any material besides hydrogen, a metal hydride or hydrazine in 40 stoichiometric amounts will be very difficult to accomplish economically at large scales. 45 
Diammoniate of diborane (DADB)
In contrast to the intensive attention devoted to AB as a potential hydrogen storage material, much less is known about the isomer, DADB, in spite of its discovery predating that of AB.
94,95 DADB has been experimentally proven to be an intermediate during the 50 thermal decomposition of AB and AB/IL blends, 26, 58 but its synthesis and isolation have always been challenging until very recently. Here, we summarize the most recent progress on this compound, with a focus on its preparation.
The earlier syntheses of DADB used direct reaction of B 2 H 6 55 and NH 3 at cryogenic temperatures. 96, 97 These methods, however, do not afford high purity. In addition, B 2 H 6 is highly flammable and thus very difficult to handle. Autrey (Fig. 5) . The nearest N-
Step 1: Digestion
BNHn + 3 HX → n /2 H2↑ + NH3↑ + BX3
Step 2: Transition Metal Hydride Formation Step 3: Hydride Transfer/Ligand Redistribution
Step 4: Recycling Step 5: Ammoniation
Scheme 2 The 5 key steps of an overall process that regenerates AB from H2 with recycling of other reagents and solvent. Instead of isolating pure NH 4 BH 4 , they ball milled NaBH 4 together with NH 4 F using a low energy Fritsch 7 planetary mill. The X-ray diffraction pattern indicates the formation of DADB and NaF. About 1 mole H 2 per mole of NaBH 4 (or NH 4 F) was observed after 3 h milling. The reaction seems to follow the same 10 pathways as those of Autrey's method. 98 Initially, NH 4 BH 4 was formed during the ball milling (Eq. (2) 
Another quite different method has also been developed. 100 This synthesis, however, involves more steps and has a complex set-up associated with handling gaseous HCl and liquid NH 3 .
25
Although DADB remains stable in the solid state if stored in an inert atmosphere, it undergoes quick decomposition in solvents at room temperature with partial conversion to AB. 100 Upon heating, DADB undergoes decomposition in two steps, similar to those of AB (Fig. 6) . 99 The 
Fig. 7
Comparison of hydrogen release rates from AB and DADB at 85 °C measured in a gas buret normalized for τ(1/2)=0. Note that AB is slower than DADB in the first half-life; however, the rates are nearly equivalent for the second half-life. 45 DSC and TGA results collectively indicate that melting and decomposition take place simultaneously at 120 °C, with a substantial weight loss at this temperature (Fig. 9) . 116 However, only 10 wt % of the weight loss is associated with H 2 , while the rest is due to the formation of B 2 H 6 , B 5 124 There have been few studies on this compound since its discovery 50 years ago. Huang et al. recently developed a safe and efficient synthesis method for this compound and studied its thermal 85 decomposition properties. By utilizing two well-known reactions: NH 3 reacting with THF·BH 3 to form DADB and AB, 95, 126 (Fig. 11) . 128 EDAB possesses a number of distinct advantages compared with AB. First of all, it is more stable than AB at temperatures lower than 100 °C, indicating that storage at high temperature (> 60 °C) for a prolonged period is practical. Secondly, it releases hydrogen more rapidly than AB at 30 temperatures higher than 120 °C, and this means that EDAB is more effective at providing H 2 when needed, especially during acceleration (Fig. 12) . A fast rate at the release temperatures coupled with stability at high storage temperatures is a significant concern for practical storage, but this has so far been elusive for 35 approaches aimed at enhancing the rate of hydrogen release from solid AB. The enthalpy of H 2 release is less exothermic than for AB, amounting to approximately -10 kJ/mol H 2 and -4 kJ/mol H 2 for the first and second steps, respectively, which will simplify heat management in practical devices. Furthermore, there are no 40 detectable impurities, and in particular, no B 3 N 3 H 6 , NH 3 , or B 2 H 6 . The absence of B 3 N 3 H 6 and NH 3 is not a surprise as it is difficult to provide a mechanism to show how they would be formed from EDAB, however, the absence of B 2 H 6 needs further study as it is difficult to detect given the high reactivity. 
Heterocycles
This class of compounds (i.e., cyclic molecules containing C, B, and N) for hydrogen storage has recently been investigated by 50 Liu's group from the University of Oregon.
129- 131 The aim of this research is to develop liquid hydrogen storage materials to make use of the existing liquid fuel distribution channels such as pipelines and tankers, which would be more cost-effective compared with transporting solid hydrogen storage materials. 55 Liu's group has carried out elaborate work on the synthesis, catalytic dehydrogenation, and regeneration of several CBN heterocycles. One sample of particular interest is BNmethylcyclopentane (Scheme 3), 132 which is in liquid form under ambient conditions. Upon adding cheap catalysts such as FeCl 2 60 and NiCl 2 , this compound can give off H 2 at temperatures below or at 80 °C, with the formation of a single dehydrogenation product that is also a liquid at room temperature. The authors have also demonstrated the conversion of the dehydrogenated product back to the charged fuel with a 92% yield under 65 relatively mild conditions. Although the material capacity (4.7 wt%) falls short of the 2017 target for automobile applications (5.5 wt% system), 23 this research demonstrates a viable H 2 storage option for portable and carrier applications.
As the complex decomposes to a liquid product, this approach 70 enables a much simpler system design with respect to fuel feed and recovery. In addition, the low dehydrogenation temperature indicates that waste heat from a proton exchange membrane fuel cell can be used, which allows a highly efficient use of energy.
As noted by the authors, to make the process cost-effective, an 75
Fig. 10
11 B NMR spectrum of (NH3)2BH2B3H8 in THF (top), and 1 H NMR spectrum in CD3CN (bottom). economical regeneration process needs to be developed.
Applications in hydrogenation
Due to its high hydrogen content and reducing capability, AB has 5 also been studied as a hydrogenating agent in organic syntheses, such as converting aldehydes to alcohols [133] [134] [135] and reducing cyclohexyl imines and iminium salts. 136 In those studies, AB was thought to transfer hydridic H on boron to unsaturated functional groups. Recent work, however, reveals a different mechanism. 10 Berke and co-workers found that AB reduces imine through a concerted double hydrogen transfer process, where the protic H(N) and hydridic H(B) are transferred to the nitrogen and carbon ends of the imine group, respectively. 137 This doublehydrogen transfer process was also observed by Manner et al. in 15 the case of N=B double bond reduction, 138 and by Chen during the hydrogenation of aromatic aldehydes by AB. 139 This double-electron transfer process also renders AB applicable in renewable energy research from a different 20 perspective. It is well known that CO 2 is the main contributing factor to global warming and climate change. Reduction of CO 2 to a useful fuel such as methanol has surfaced as a chemical challenge of great interest. Due to its limited reactivity, CO 2 reduction is currently achieved by using electrocatalysts or 25 heterogeneous photocatalysts that involve transition-metal containing complexes and materials. 140, 141 Recently, Stephan et al. described a rapid, room temperature conversion of frustrated Lewis pair (FLP)-activated CO 2 to CH 3 OH using AB as the hydrogen source, without the assistance of a transition metal 30 (Scheme 4). 142 First, PMes 3 (Mes = 2,4,6-C 6 H 2 Me 3 ) and AlX 3 (X = Cl, Br) react to form weak Lewis adducts, which then can react irreversibly with CO 2 . After the solution reacts with AB, H 2 O is introduced to produce CH 3 OH, which can be extracted with a decent yield of 37-51%. Theoretical investigations by 35 Zimmerman et al. suggested that AB reduces CO 2 through the two-hydrogen transfer process. 32, 143 This pioneering research is expected to provide valuable insights for developing strategies for CO 2 reduction using AB as an efficient reducing agent, although regeneration of AB from the end products will be challenging, 40 since B-O bonds tend to form upon adding H 2 O. The ultimate economic impact is likely to be dependent on the energy output from consuming CH 3 OH versus the energy input from converting B-O to B-H in a catalytic regeneration reaction. In a related report Ashley and co-workers demonstrated that an 45 amine borane complex could be used to activate both hydrogen and CO 2 to make CH 3 OH in a stoichiometric reaction. 
Catalysis
Prior to Welch and Stephan's observation that H 2 could be added reversibly across a frustrated Lewis pair of phosphine and 50 borane, 145 the common dogma was that metals were required to activate hydrogen. Sumerin and co-workers, however, demonstrated reversible hydrogen addition to a structurally linked amine borane complex (Scheme 5).
146
This was the first example of reversible 'hydrogen storage' in 55 an amine borane complex. While the quantity of hydrogen is too low to be of practical significance for hydrogen storage applications, it is an important result because it shows that amine borane complexes can be used to activate hydrogen at moderate temperature and pressure to be used in catalytic reduction 60 reactions. Since these pioneering studies, there have been several examples demonstrating the catalytic reduction of unsaturated polar molecules by a wide range of amine-borane frustrated Lewis pairs. 147 This is an exciting new area of research using amine boranes for applications beyond hydrogen storage, and the 65 field is rapidly growing with new examples of hydrogen activation for catalysis being reported. (Fig. 13) . 35 Similar reactions with other amineboranes afford Na(H 3 BNRR′BH 3 ). Na(H 3 BNH 2 BH 3 ) can also be generated by reaction of 2 equivalent of AB with NaNH 2 in refluxing THF, which results in a better yield (50%).
Synthesis of new inorganic analogues
40
4HNRR′·BH 3 + 2Na 2 Na(H 3 BNRR′BH 3 ) + H 2 + 2 HNRR′ (6)
Conclusion
Whether BNH compounds hold the key to hydrogen storage 45 remains uncertain, but the current renewed interest and strong efforts have so far resulted in a much improved understanding of boron chemistry. There has been enhanced recognition of the H-H interactions, including both N-H applications. The catalysis and hydrogenation work using ammine borane complexes is exciting; few chemists would have suggested just over 6 years ago that hydrogen could be activated at low temperature and pressure without using transition metals. Note: U.S. DOE has recently compiled a database on hydrogen storage materials. 150 Variation in desorption temperatures and enthalpy has been observed. Please refer to the specific experimental conditions.
